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Abstract
Background: Milu, also known as Pe`re David’s deer (Elaphurus davidianus), was widely distributed in East Asia but recently
experienced a severe bottleneck. Only 18 survived by the end of the 19th century, and the current population of 4500
individuals was propagated from just 11 kept by the 11th British Duke of Bedford. This species is known for its
distinguishable appearance, the driving force behind which is still a mystery. To aid efforts to explore these phenomena, we
constructed a draft genome of the species. Findings: In total, we generated 321.86 gigabases (Gb) of raw DNA sequence from
whole-genome sequencing of a male milu deer using an Illumina HiSeq 2000 platform. Assembly yielded a final genome
with a scaffold N50 size of 3.03 megabases (Mb) and a total length of 2.52 Gb. Moreover, we identified 20 125 protein-coding
genes and 988.1 Mb of repetitive sequences. In addition, homology-based searches detected 280 rRNA, 1335 miRNA, 1441
snRNA, and 893 tRNA sequences in the milu genome. The divergence time between E. davidianus and Bos taurus was
estimated to be about 28.20 million years ago (Mya). We identified 167 species-specific genes and 293 expanded gene
families in the milu lineage. Conclusions: We report the first reference genome of milu, which will provide a valuable
resource for studying the species’ demographic history of severe bottleneck and the genetic mechanism(s) of special
phenotypic evolution.
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Background
Pe`re David’s deer (Elaphurus davidianus), named after its western
finder (Father Armand David) and called “milu” in China, was an
endemic species that was once widely distributed in East Asia
[1, 2]. Milu also has a colloquial name in China, Sibuxiang, which
could be translated as “the 4 unlikes,” because it has the hooves
of a cow, head of a horse, antlers of a deer, and tail of a donkey,
but is not any of these animals (Fig. 1). Due to intense human and
natural pressures, such as excessive hunting by humans and
habitat degradation, milu became extinct in China by the end
of the 19th century, and only 18 individuals survived in several
European zoos at that time. The 18 surviving individuals were
collected by the 11th British Duke of Bedford and kept atWoburn
Abbey (UK), and only 11 participated in subsequent reproduction
[3]. After this severe bottleneck, the milu population started to
recover. In the 1980s, dozens were reintroduced into China, and
there weremore than 1500 in China andmore than 3000 globally
by 2004 [4]. Milu is highly interesting partly because of this bot-
tleneck and partly because it has atypical features for a cervid,
such as a relatively long tail and unique branched antlers. Due
to these traits, scientists once identified it as the root of the sub-
family Cervinae, but subsequent molecular analysis indicated
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Figure 1: Photo of 2 fighting Pe`re David’s deer in Dafeng Milu National Reserves, Jiangsu, China. A red wound was spotted on the body of the deer to the right, and
winning such fights generally increases mating chances.
that milu is closer to the genus Cervus [5–9]. However, little is
known about the genetic architecture underlying milu’s unique
phenotypic features and the population dynamics during its re-
covery from the severe bottleneck. Thus, we constructed a draft
genome for the species to facilitate investigation of effects of
the severe recent bottleneck and the molecular mechanisms in-
volved in its phenotypic evolution.
Library construction and filtering
Genomic DNA was extracted from a male milu bred at the San
Diego Zoo Safari Park, Escondido, California, USA, utilizing heart
tissue collected at necropsy (NCBI Taxonomy ID, 43 332). The
extracted DNA was used to construct short-insert libraries (170,
500, and 800 base pairs [bp]), and subsequently long-insert li-
braries (2, 5, 10, and 20 kilo bases [kb]). A HiSeq 2000 platform (Il-
lumina, San Diego, CA, USA) was subsequently used to sequence
paired-end reads of each library based on awhole-genome shot-
gun sequencing strategy, generating 100-bp and 49-bp reads
from the short-insert and long-insert libraries, respectively. In
total, a 321.86-Gb raw dataset was obtained (Table S1).
Raw reads were filtered out that had: (1) >5% uncalled (“N”)
bases or polyA structure; (2) ≥60 bases with quality scores ≤7
for reads generated from the short-insert library sequences; (3)
≥30 such bases for reads generated from the long-insert library
sequences; (4) more than 10 bp aligned to the adapter sequence;
(5) read1 and read2 (of a short-insert PE read) overlapping by≥10
bp, allowing 10% mismatch; (6) duplicated polymerase chain re-
action (PCR) sequences. The low-quality bases at heads or tails
of reads were also trimmed. After that, the short-insert library
reads were corrected using SOAPec [10], a k-mer-based error cor-
rection package. This resulted in a 244.84-Gb qualified dataset,
representing about 82-fold genome coverage (Table S1).
Estimation of milu genome size
The milu genome size (G) was estimated by k-mer frequency
distribution analysis of the short-insert library, with a 1-bp
slide and k set at 17, using the formula G = k-mer number/k-
mer depth [10]. Here, “k-mer number” is 1 592 668 741 and
the expected “k-mer depth” is 25 (Fig. S1). The estimated
milu genome size with these parameters is about 3.04 Gb
(Table S2). For comparison, we also used GCE software and the
GenomeScope package to estimate the milu genome size and
obtained estimates of 3.00 Gb and 2.78 Gb, respectively [11–13]
(Fig. S2). All these estimated genome sizes are within the range
of C values (2.22 to 3.44) reported for Cervidae in the Animal
Genome Size Database [14], indicating that our estimations are
credible (Table S3).
Genome assembly
SOAPdenovo software, version 2.04 (SOAPdenovo, RRID:
SCR 010752) [15], was applied (with parameter settings
pregraph-K 79; contig -M 1; scaff –L 200 -b 1.5 -p 40) to construct
the original contigs and initial scaffolds using corrected reads
for themilu genome assembly. Thenwe used GapCloser, version
1.12 (GapCloser, RRID:SCR 015026) [10], to fill the gaps of initial
scaffolds using short-insert size PE reads (170, 500, and 800 bp).
The initial scaffolds were then divided into scaff-tigs by the
unfilled gaps. The divided scaff-tigs were connected to final
scaffolds using SSPACE, version 3.0 (SSPACE, RRID:SCR 005056)
[16], with the following parameters: -x 0, -z 200, -g 2, -k 2, -n
10. These final scaffolds’ gaps were also closed by GapCloser.
The total length of our final milu genome assembly is 2.52 Gb,
accounting for 85.71% of the estimated genome size. The final
contig N50 and scaffold N50 (>2 kb) sizes are 32.71 kb and 3.03
Mb, respectively (Table 1).
Quality assessment
To evaluate the quality of the milu genome assembly, the fil-
tered reads (≥49 bp) were aligned to the assembled genome
sequences using SOAPaligner, version 2.20 (SOAPaligner/soap2,
RRID:SCR 005503) [15], allowing 3 mismatches. We also se-
quenced the genome of anothermalemilu deer. The clean reads
obtained from this sequencing were also aligned to the assem-
bled genome by SOAPaligner with the same parameters. Both
alignments showed high coverage of each genome base, con-
firming accuracy at the base level (Fig. S3 and Fig. S4). In addition,
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Table 1: Statistics of the assembled sequence length
Contig Scaffold
Size, bp Number Size, bp Number
N90 8530 77 768 520 987 978
N80 14 483 55 968 1 045 447 647
N70 20 193 41 646 1 614 103 455
N60 26 169 30 975 2 222 401 322
N50 32 707 22 564 3 039 716 223
Longest 292 964 – 17 945 643 –
Total size 2 460 119 591 – 2 524 831 955 –
Percentage of unknown bases – – 2.56%
Total number (≥100 bp) – 189 067 – 46 381
Total number (≥2 kb) – 118 986 – 4772
analysis with Benchmarking Universal Single-Copy Orthologs,
version 2.0 (BUSCO, RRID:SCR 015008) [17], showed that the
assembly included complete matches for 3820 of 4104 mam-
malian BUSCOs (indicating 93.00% completeness) (Table S4).
Feature-Response Curves (FRC; version 1.3.0) [18] was then used
to evaluate the trade-off between its contiguity and correctness.
FRC generated by the software showed that our milu genome
assembly has similar correctness to published genomes of an-
other 3 ruminants: domestic goat (Capra hircus, ARS1, GenBank
ID: GCF 0 017 04415.1) [19], sheep (Ovis aries, Oar v3.1), and cat-
tle (Bos taurus UMD3.1) (Fig. S5) [20, 21]. Subsequently, synteny
analysis was applied to identify differences between the assem-
bled genome and the domestic goat (Capra hircus) genome using
MUMmer (version 3.23) [22], with a 50% identity cutoff for MUMs
in the NUCmer alignments used to determine synteny (Fig. S6);
99.35% of the 2 genome sequences could be 1:1 aligned. In ad-
dition, we compared the milu and goat genomes using LAST,
version 3 (LAST, RRID:SCR 006119) [23], to find the breakpoints
(edges of structural variation). The overall density of different
types of breakpoints was about 54.76 perMb, comparable to den-
sities reported in another study (Table S5) [24], and the average
nuclear distance (percentage of different base pairs in the syn-
tenic regions) was 6.56% (Fig. S7). The results indicated that the
milu genome assembly has good completeness and continuity.
Repeat annotation
To annotate repeats, we first searched the milu genome for tan-
dem repeats using Tandem Repeats Finder (version 4.04) [25]
with the following settings: Match = 2, Mismatch = 7, Delta =
7, PM = 80, PI = 10, Minscore = 50. Then, RepeatMasker ver-
sion 3.3.0 (RepeatMasker, RRID:SCR 012954) and RepeatProtein-
Mask (version 3.3.0, a package in RepeatMasker) [26] were used
to find known transposable element (TE) repeats in the Repbase
TE library (version 16.01) [27]. In addition, RepeatModeler version
1.0.5 (RepeatModeler, RRID:SCR 015027) and LTR FINDER version
1.0.5 (LTR Finder, RRID:SCR 015247) [28] were used to construct
a de novo repeat library, and RepeatMasker was employed to find
homolog repeats in the genome and classify the detected re-
peats. The results indicated that long interspersed elements ac-
counted for 27.05% of the milu genome, and other identified re-
peat sequences accounted for a further 13.99% (Table S6).
Gene annotation
To annotate structures and functions of putative genes in our
milu genome assembly, we used both homology-based and
de novo predictions. For homology-based predictions, homolo-
gous proteins of Homo sapiens (Ensembl 89 release), Bos taurus,
and Sus scrofa (Ensembl 89 release) were aligned to the repeat-
masked milu genome using TblastN (Blastall 2.2.23) with an E-
value cutoff of 1e-5. Then aligned sequences and correspond-
ing query proteins were filtered and passed to GeneWise, ver-
sion 2.2.0 (GeneWise, RRID:SCR 015054) [29], for accurate spliced
alignments. Gene sequences shorter than 150 bp and frame-
shifted or prematurely terminated genes were removed. De novo
predictions were obtained from analysis of the repeat-masked
genome using Augustus, version 2.5.5 (Augustus: Gene Predic-
tion, RRID:SCR 008417) [30], and GENSCAN, version 1.0 (GEN-
SCAN, RRID:SCR 012902) [31], with parameters generated from
training with Homo sapiens genes. The filter processes applied
in the homology-based prediction procedure were also applied
in the de novo predictions. Next, the obtained results were in-
tegrated using GLEAN (version 1.0.1) [32], and then genes with
few exons (≤3), which could not be aligned well in SwissProt or
TrEMBL, were filtered to produce a final consensus gene set con-
taining 20 125 genes. The number of genes, gene length distribu-
tion, exon number per gene, and intron length distribution were
similar to those of other mammals (Fig. S8 and Table S7). We
also identified a total of 2803 pseudogenes fromGeneWise align-
ment, of which 2801 had prematurely terminating mutations
and 1358 had frame-shifted mutations (Tables S8 and S9) [29].
Then, the KEGG, SwissProt, and TrEMBL databases were
searched for best matches to the final gene set using
BLASTP (version 2.2.26) with an E-value of 1e-5. Subse-
quently, InterProScan software, version 5.18–57.0 (InterProScan,
RRID:SCR 005829), was applied to map putative encoded pro-
tein sequences against entries in the Pfam, PRINTS, ProDom,
and SMART databases to identify known motifs and domains.
In total, at least 1 function was allocated to 17 913 (89.31%)
of the genes in this manner (Table S10). Next, reads from the
short-insert library with about 27-fold genome coverage were
mapped to the milu genome using BWA, version 0.7.15-r1140
(BWA, RRID:SCR 010910) [33], and subsequently called variants
by SAMtools (version 1.3.1) [34]. Finally, SnpEff (version 4.10) [35]
was applied to identify the distribution of single nucleotide vari-
ants (SNVs) in the milu genome (Table S11).
In addition, putative short noncoding RNAs were identi-
fied by BLASTN alignment of human rRNA sequences with
milu homologs. We employed Infernal, version 0.81 (Infer-
nal, RRID:SCR 011809), with the Rfam database (release 9.1)
to annotate the miRNA and snRNA genes. The tRNAs were
annotated using tRNAscan-SE, version 1.3.1 (tRNAscan-SE,
RRID:SCR 010835), with default parameters. In total, 3949 short
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Figure 2: Phylogenetic relationships and genomic comparisons. (A) A Venn diagram of the orthologues shared among Elaphurus davidianus, Equus caballus, Capra hircus,
Bos taurus, and Homo sapiens. Each number represents a gene family number, and the sum of the numbers in the green, yellow, brown, red, and blue areas indicate total
numbers of the gene families in milu, horse, human, goat, and cattle genomes, respectively. (B) Divergence time estimates for the 5 species generated using MCMCtree
and the 4-fold degenerate sites; the dots correspond to calibration points, and the divergence times were obtained from http://www.timetree.org/; blue nodal bars
indicate 95% confidence intervals.
noncoding RNA sequences were identified in the milu deer
genome (Table S12).
Species-specific genes and phylogenetic relationships
The detected milu genes were clustered in families using Or-
thoMCL, version 2.0.9 (OrthoMCL DB: Ortholog Groups of Pro-
tein Sequences, RRID:SCR 007839) [36], with an E-value cutoff of
1e-5, and Markov Chain Clustering with a default inflation pa-
rameter in an all-to-all BLASTP analysis of entries for 5 species
(Homo sapiens, Equus caballus, Capra hircus, Bos taurus, and Ela-
phurus davidianus). The results indicated that 69 gene families
and 167 genes were specific to milu (Fig. 2A, Table S13). We
also detected 293 gene families that had apparently expanded
in the milu lineage using Computational Analysis of gene Fam-
ily Evolution (CAFE´; version 4.0.1) [37]. The milu species-specific
gene families were enriched in 4 gene ontology (GO) categories
related to hormone activity, pinocytosis, ribosomes, and struc-
tural constituents of ribosomes (Table S14). The expanded gene
families were enriched in 34 GO categories: motor activity, AT-
Pase activity, calcium ion binding, and 31 others (for details, see
Table S15). Subsequently, 7906 1:1 orthologs were identified
from these species and aligned using PRANK (version 3.8.31)
[38]. Next, we extracted 4D sites (4-fold degenerate sites) to
construct a phylogenetic tree by RAxML, version 7.2.8 (RAxML,
RRID:SCR 006086) [39], with the GTR+G+I model. Finally, phy-
logenetic analysis by PAML MCMCtree (version 4.5) [40], cali-
brated with published timings for the divergence of the refer-
ence species [41], showed that Elaphurus davidianus, Bos taurus,
and Capra hircus diverged from a common ancestor approxi-
mately 28.20 million years ago (Fig. 2B).
In summary, we report the first sequencing, assembly, and
annotation of the milu genome. The assembled draft genome
will provide a valuable resource for studying the species’ evolu-
tionary history, as well as genetic changes and associated phe-
nomena, such as genetic load and selection pressures that oc-
curred during its severe bottleneck or other unknown historical
events. It should be noted that this draft assemblywas generated
by next-generation sequencing data and there may be some er-
rors in highly guanosine and cytosine (GC)-biased or repeated
regions. Moreover, this genome assembly should be elevated to
the chromosomal level in the future with Hi-C, optical mapping,
or genetic mapping technologies.
Supporting data
The raw reads of each sequencing library have been deposited
at NCBI, Project ID: PRJNA391565. For the assembled individual
(Sample ID: SAMN07270940), please refer to the SRA accession
numbers in Table S1. The SRA accession number for the other se-
quenced individual (Sample ID: SAMN08014286) is SRR6287186.
The assembly and annotation of the milu genome, together
with further supporting data, are available via the GigaScience
database, GigaDB [42]. Supplementary figures and tables are pro-
vided in Additional file 1.
Additional files
Figure S1: K-mer (k = 25) distribution in the milu genome.
Figure S2: GenomeScope K-mer profile plot of the milu
genome.
Figure S3: Sequence depth distribution of the assembly data.
Figure S4: Sequence depth distribution of the assembly data
for the genome of the other sequenced individual.
Figure S5: Feature-response curves of 4 ruminant genome as-
semblies.
Figure S6: Visualized synteny between the milu and goat
genomes.
Figure S7: DNA sequence divergence between milu and goat.
Figure S8: Comparison of gene lengths, intron lengths, exon
lengths, and exon numbers in milu, cattle, human, and sheep
genomes.
Table S1: Summary of sequenced reads.
Table S2: 17-mer depth distribution.
Table S3: Summary of the C values of Cervidae and estimated
milu genome sizes.
Table S4: Summary of BUSCO analysis of matches to the 4104
mammalian BUSCOs.
Table S5: Summary of breakpoints between milu and goat
genomes.
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Table S6: TE contents in the assembled milu genome.
Table S7: General statistics of predicted protein-coding genes.
Table S8: Summary of the predicted pseudogenes.
Table S9: List of predicted pseudogenes.
Table S10: Summary statistics of gene function annotation.
Table S11: Distribution of single nucleotide variants in the
milu genome.
Table S12: Summary of short ncRNA annotation.
Table S13: List of milu species-specific genes.
Table S14: GO term enrichment in milu species-specific
genes.
Table S15: GO term enrichment in gene families that have
expanded in milu.
Abbreviations
bp: base pair; BUSCO: Benchmarking Universal Single-Copy Or-
thologs; FRC: feature-response curves; Gb: giga base; GO: gene
ontology; kb: kilo base; Mb: mega base; SNV: single nucleotide
variant; TE: transposable element.
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